Changes in UV defense mechanisms were studied during the growth periods of spinach seedlings grown under the white light, which did not contain UV-B light. DNA photolyase activity in the photorepair of cyclobutane pyrimidine dimers in spinach seedlings was high in the early growth phase (cell division phase) and declined thereafter, whereas UV-absorbing substances accumulated throughout the growth period acted as a major UV-defense mechanism in the cell expansion phase.
UV-B radiation present in sunlight induces DNA damage, such as the formation of pyrimidine dimers, that blocks both the transcription and the replication of DNA. As plants are constantly exposed to sunlight, they have evolved defense mechanisms to limit DNA damage resulting from exposure to UV-B. Major UV-defense mechanisms in higher plants can be classified into two main categories (Caldwell 1971) : optical screening of UV radiation by peripheral plant tissue and repair of damaged DNA. The former defense mechanism involves the accumulation by most plants of UV-absorbing substances, notably flavonoids and related phenolic compounds, in the upper epidermal layers of their leaves (Tevini et al. 1991 , Reuber et al. 1996 . These substances attenuate the damaging effects of solar UV-B radiation, but transmit essential photosynthetically active radiation through the epidermal layers of the leaves. The contribution of these UV-absorbing pigments to defense mechanisms against DNA damage by UV-B has been experimentally demonstrated in cultured cells of Centaurea cyanus (Takahashi et al. 1991) and in sheath tissue of Zea mays (Stapleton and Walbot 1994) .
The other defense mechanism against UV-B-induced damage to DNA is repair of damaged DNA itself. Nucleotide excision repair involves endonucleolytic steps, release of damaged oligonucleotides and DNA resynthesis (Sancar 1994a) . Photorepair that directly reverses cyclobutane pyrimidine dimers (CPDs) into their intact monomer bases is catalyzed by DNA photolyase, which uses electromagnetic energy of wavelengths ranging from blue to UV-A (Sancar 1994b) . Photorepair has been reported in many plant species (see Hada et al. 2000b) , and is widely accepted to be the main pathway of the repair of CPDs induced by UV-B irradiation. In many plant species, photorepair activity has been reported to be photoregulated (Buchholz et al. 1995 , Hada et al. 1999 , Pang and Hays 1991 , Langer and Wellmann 1990 , Takayanagi et al. 1994 , Taylor et al. 1997 ), but few reports are available concerning to the regulation of DNA photolyase in developmental stages (Taylor et al. 1997, Hidema and Kumagai 1998) .
In the present study, in order to better understand the manner in which the two different UV-defense mechanisms function at different growth stages, we examined changes in the amounts of UV-absorbing substances and the activity of DNA photolyase during the growth of spinach seedlings.
Spinach seeds (Spinacia oleracea L. cv. Suikou mate No. 14, Sekisui Plastics Co., Ltd, Osaka, Japan) were sown at 2-cm intervals in rock wool (Nitto Boseki Co., Ltd., Tokyo) immersed in a hydroponic culture solution (Suikou Mate, Sekisui Plastics Industry Co., Ltd). The seedlings were grown in a growth cabinet (LH-300-RDMP, Nippon Medical & Chemical Instruments Co., Ltd, Tokyo, Japan) maintained at 20°C. Light was supplied by fluorescent lamps (FL40S·BRN; Toshiba, Tokyo, Japan). The photosynthetic photon flux density at plant height was about 65 mmol m -2 s -1 , with a 12-h light/dark cycle (light cycle: 6:00 a.m.-6:00 p.m.). The white light used did not contain UV-B light.
The DNA content of spinach leaves was determined using the method of Naito et al. (1978) . Four cotyledons or first leaves were frozen with liquid nitrogen, ground into powder using a chilled mortar and pestle, and then homogenized in 10 ml of 10% (w/v) trichloroacetic acid (TCA). After centrifugation of the homogenate at 2,000´g for 10 min, the pellet was washed with 7% TCA and then with 95% (v/v) ethanol. The residue was suspended in a mixture of ethanol and diethyl ether (2 : 1, v/v) and incubated at 50°C for 20 min. This procedure was performed twice to decolorize the residue completely. The residue was then suspended in 5 ml of 0.3 M KOH and incubated at 30°C overnight. After neutralization with 3 M HCl, 60% (w/v) perchloric acid (PCA) was added to the mixture to a final concentration of 5% (w/v). The mixture was centrifuged to remove RNA, and the resulting residue was digested with 3 ml of 5% PCA at 90°C for 10 min. The DNA in the supernatant obtained from the above centrifugation was quantitated using the method of Giles and Myers (1965) , with calf thymus DNA as the standard.
To determine the amount of UV-absorbing substances present, four cotyledons or first leaves were crushed into powder after freezing with liquid nitrogen, and then homogenized in 10 ml of methanol containing 1% (v/v) HCl. After heating for 30 min at 95°C, the homogenate was centrifuged at 2,000´g for 10 min. The supernatant was diluted 1 : 8 with methanolHCl and the absorbance of the diluted sample at 325 nm was measured.
To determine the extent of DNA photolyase activity, cotyledons or first leaves (2.0 g fresh weight) were homogenized with 3.2 ml of an extraction buffer, 200 mM Tris-HCl (pH 7.6) containing 100 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol (DTT), 10% (v/v) glycerol and 1.33 M ammonium sulfate. The homogenate was filtered through two layers of gauze to remove leaf debris. Solid ammonium sulfate was added to the filtrate to 40% saturation, and the mixture was stirred for 20 min on ice. After centrifugation at 9,000´g for 10 min, the supernatant was fractionated by adding solid ammonium sulfate to 60% saturation. This mixture was subsequently stirred for 20 min on ice and centrifuged at 9,000´g for 15 min. The resulting pellet was dissolved in a reaction buffer, 100 mM Tris-HCl buffer (pH 7.6) containing 100 mM NaCl, 1 mM EDTA, and 1 mM DTT in a total volume of 1.6 ml, and desalted using a Sephadex G-25 spin column (f0.7´5 cm, Amersham Pharmacia Biotech AB, Uppsala, Sweden) equilibrated with the reaction buffer. To remove intrinsic DNA, the desalted solution was passed through a pre-packed Toyopak DEAE-S column (f5.5´7 mm, Tosoh Co., Tokyo, Japan) equilibrated with the reaction buffer, and was used as the enzyme preparation. The activity of DNA photolyase was determined as described previously (Hada et al. 2000a , Hada et al. 2000b ). The enzyme preparation was mixed with the substrate DNA (salmon sperm DNA, Sigma Chemical Co.) that had been irradiated with UV light. The assay mixture was incubated at 25°C for 30 min under the repair light, and control samples were kept in darkness. The substrate DNA was extracted from the reaction mixture, and the remaining amount of CPDs in the DNA was measured by enzyme-linked immunosorbent assay. Fig. 1 shows the time course in relation to leaf length, fresh weight and DNA content of spinach seedling growth. DNA content in the cotyledons increased until the 10th day after sowing, and thereafter remained at an almost constant level. In contrast, length and fresh weight of the cotyledons continued to increase at an approximately constant rate until the 13th day.
The first leaves emerged on approximately the 10th day, and their DNA content increased up to the 18th day. Length and fresh weight of the first leaves continued to increase until the 25th day.
From these results, two distinct growth phases were distinguishable: (a) a cell division phase (cotyledons, until the 10th day; first leaves, from the 10th to the 18th day); and (b) a cell expansion phase (cotyledons, after the 10th day; first leaves, after the 18th day).
Accumulation of UV-absorbing substances during growth was observed in both the cotyledons and the first leaves ( Fig.  2A) . In the cotyledons, total amount of UV-absorbing substances per leaf increased until the 12th day and then remained at an almost constant level. The rate of accumulation of UVabsorbing substances in the first leaves was relatively low until the 18th day, but subsequently increased. The contents of UVabsorbing substances per fresh weight were estimated to be almost constant during growth both in the cotyledons and the first leaves.
Changes in the activity of DNA photolyase in the cotyledons and the first leaves during growth are shown in Fig. 2B . Photolyase activity in the cotyledons peaked at the 10-13th day, and then gradually decreased, whereas that in the first leaves was highest immediately after emergence, and decreased after the 16th day.
In the spinach seedlings, two different mechanisms of defense against damage of DNA by UV radiation were observed to act at different times during growth: DNA photolyase activity was high in the early growth phase (cell division phase), before decreasing to a low level in the second growth phase (cell expansion phase). Conversely, the amounts of UVabsorbing substances in the cotyledons and the first leaves were constant during growth. These results suggest that two UV-defense mechanisms, photorepair and screening UV by UV-absorbing substances, act in cells that actively replicate DNA. In non-dividing cells in the cell expansion phase, photorepair activity declines and the screening UV by UV-absorbing substances acts as a major defense mechanism.
Phenolic compounds are suggested to contribute to the UV-B adaptation of plants not only by absorbing UV but also by their other functions including radical scavenging and antioxidative ability (Markham et al. 1998 , Olsson et al. 1998 , Kawashima et al. 2000 . Phenolic compounds have also been reported to defend the plant against microorganisms and herbivores (Nicholson and Hammerschmidt 1992 , Hatcher and Paul 1994 , Grantpetterson and Renwick 1996 . Although the physiological functions of phenolic compounds in spinach are not yet clear, our present findings that accumulation of UVabsorbing substances occurs in the leaf expansion phase suggests that they might defend against the other environmental stress besides that of UV-damage in spinach leaves.
DNA photolyase is reportedly induced by UV irradiation (Hada et al. 1999, Pang and Hays 1991) , and UV-absorbing substances were found to accumulate in the upper epidermal layers of leaves after UV-B irradiation (Bornman et al. 1997) . Therefore, it is important to investigate the effects of various growth conditions including that of UV-B irradiation on the activity of these two UV-defense mechanisms if we are to characterize the likely effects on plants of the increased UV-B radiation that will result from depletion of the ozone layer.
